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We point out that violation of Lorentz invariance affects the interaction of high-energy photons
with the Earth’s atmosphere and magnetic field. In certain parameter region this interaction be-
comes suppressed and the photons escape observation passing through the atmosphere without
producing air showers. We argue that a detection of photon-induced air showers with energies
above 1019 eV, implying the absence of suppression as well as the absence of photon decay, will
put tight double-sided limits on Lorentz violation in the sector of quantum electrodynamics. These
constraints will be by several orders of magnitude stronger than the existing ones and will be robust
against any assumptions about the astrophysical origin of the detected photons.
I. INTRODUCTION
One of important open questions in astroparticle
physics is the presence of a photon component in the
ultra-high-energy cosmic rays (UHECR). An answer to
it will help to discriminate between different hypotheses
about UHECR production and composition. The recent
progress in the UHECR observations has revealed a cutoff
in the cosmic ray spectrum at energies ∼ 5 ·1019 eV [1–3].
This is consistent with the prediction made long ago by
Greisen, Zatsepin and Kuzmin (GZK) [4, 5] that the flux
of primary protons would be depleted at these energies
due to pion production on the cosmic microwave back-
ground (CMB). Neutral pions subsequently decay into
photons. Thus, if the GZK nature of the observed cutoff
is confirmed, the fraction of photons in the cosmic rays
with energies 1019÷1020 eV is predicted at the level 10−4
– 10−2 depending on the unknown radio background that
affects the propagation of photons through the interstel-
lar medium [7]. If the cosmic ray primaries are nuclei
instead of photons, the cut-off is the result of nuclei’ pho-
todisintegration on the cosmic infrared background and
CMB [6] and the predicted UHE photon flux is two orders
of magnitude lower [7, 8]. UHE photons may also come
directly from nearby astrophysical transient sources [9].
They also appear in the ‘top-down’ models of UHECR
production, such as superheavy dark matter decay or Z-
burst [7]. The photon flux predicted by the latter mod-
els is actually higher than the existing bounds, so these
models are already disfavored as the primary source of
UHECR [11, 12]. Still, they may be allowed at the level
of a subdominant contribution.
No UHE photon detection has been reported so far.
However, the upper bounds on the UHE photon flux
obtained by the current experiments [10–16] are getting
close to the value predicted from the GZK process and
one may expect observation of UHE photons in the near
future [17].
The physics of cosmic rays is known to be highly sensi-
tive to possible departures from Lorentz invariance (LI)
at high energies [18, 19]. The motivations for such depar-
tures, mainly rooted in models of quantum gravity, and
their implications for various branches of physics have
been extensively discussed in the literature, see the recent
review [20] and references therein. The effects of Lorentz
violation (LV) are conveniently parameterized within the
effective field theory framework [21, 22] that assumes ex-
istence of a preferred frame, commonly identified with the
rest-frame of the CMB. In this frame UHECR particles
have a huge energy which may lead to the enhancement
of LV and to observable deviations from the standard
physics.
It has been proposed [23, 24] that a detection of UHE
photon flux compatible with the GZK prediction will im-
pose strong constraints on LV in the sector of quantum
electrodynamics (QED). Assuming that the primary cos-
mic rays are extragalactic protons and that all UHE pho-
tons come from the GZK process, these papers simulate
the propagation of UHE photons through the interstel-
lar medium and their resulting flux on Earth in a family
of LV models. They showed that, depending on the re-
gion in the LV parameter space, the flux will be either
highly suppressed due to the vacuum decay of photons
into e+e−; or, on the contrary, it will be enhanced above
the existing bounds due to the weakening of the UHE
photon depletion through pair-production on the CMB.
Similar arguments were used earlier in [25] to set the con-
straints on LV in QED from observations of TeV gamma
rays.
In this paper we point out that not only the photon
propagation, but also its interactions with the Earth’s
atmosphere and magnetic field are sensitive to LV. This
effect must be taken into account in the analysis of the
experimental signatures of LV. Due to it the detection
of several photons with energies 1019 ÷ 1020 eV compat-
ible with the standard signatures will allow to put very
2restrictive constraints on LV parameters — at least an or-
der of magnitude stronger than in [23, 24]. Importantly,
these constraints will be robust against any assumptions
about the origin and propagation of UHE photons to-
wards the Earth. The idea to use interactions with the
atmosphere for constraints on LV was first proposed in
[26] in the case of hadronic UHECR primaries. It was
discussed in the context of TeV gamma rays in [27].
II. INTERACTION OF PHOTONS WITH THE
ATMOSPHERE AND LORENTZ VIOLATION
In the standard LI picture, a primary UHE photon
reaching the Earth interacts in the atmosphere and pro-
duces an extensive air shower of particles with lower en-
ergies that can be detected by the ground-based exper-
iments. The characteristics of the shower are sensitive
to the altitude, at which the first interaction initiating
the shower occurs. This, in its turn, is determined by
the cross section of the first interaction. At energies
∼ 1019 eV the dominant channel of the first interaction
is e+e− pair production on nuclei in the atmosphere
— the Bethe-Heitler (BH) process. At higher energy
(1020 eV and above) the pair production in the geomag-
netic field becomes important leading to the formation
of a preshower above the atmosphere. The photon show-
ers initiated by these processes can be identified by the
cosmic ray detectors using various observables [28]. As
we now discuss, the cross section of the first interaction,
and consequently the characteristics of the shower, are
strongly affected by LV.
Consider the BH process. The standard result for the
cross section reads,
σBH =
28Z2α3
9m2
(
log
183
Z1/3
−
1
42
)
, (1)
where m is the electron mass, α is the fine structure con-
stant and Z is the nucleus charge; for scattering on nitro-
gen (Z = 7) this gives σBH ≈ 0.51 b. One observes that,
up to factors of order one, the formula (1) follows from a
simple dimensional analysis. The mass m in the denom-
inator appears because it characterizes the momentum
transfer in the process, while the numerator is obtained
by multiplying the coupling constants at the vertices of
the corresponding Feynmann diagrams. Depending on
the photon energy and the density at the point of the
first interaction, destructive interference between several
scattering centers somewhat suppresses the BH cross sec-
tion — the Landau–Pomeranchuk–Migdal (LPM) effect.
The maximal suppression occurs for the final configura-
tion with equal energies of electron and positron and is
about a factor of two [28].
The generic effect of LV is the modification of the dis-
persion relations of photons and electrons/positrons. At
momenta smaller than the scale of LV, which is com-
monly identified with the Planck mass M = 1019GeV,
these can be expanded in the powers of momenta
E2γ = k
2 +
∑
n≥3
ank
n
Mn−2
, E2e∓ = m
2 + p2 +
∑
n≥2
b∓n p
n
Mn−2
.
(2)
Note that we normalize the low-energy velocity of pho-
tons to 1, so the quadratic correction to the photon dis-
persion relation is absent. To get insight about the role
of the additional terms one notices that they can be con-
sidered as effective momentum-dependent masses of the
particles,
m2γ,eff(k) =
∑
n≥3
ank
n
Mn−2
, m2e∓,eff(p) = m
2 +
∑
n≥2
b∓n p
n
Mn−2
.
(3)
The presence of these masses changes the kinematics of
various reactions. In particular, for mγ,eff larger than
the sum of effective masses of electron and positron the
photon decay in vacuum becomes kinematically allowed.
In this case UHE photons decay almost instantaneously
into e+e− pairs and do not reach the Earth [19, 25]. We
focus on the opposite situation, me∓,eff & mγ,eff . It is
straightforward to see that the characteristic momentum
transfer in the BH process is now given by the overall
scale of the effective masses of particles, which we denote
meff , evaluated at the momentum of the incoming pho-
ton. The dimensional analysis then yields an estimate of
the cross section,
σLVBH ∼
Z2α3
m2eff(k)
. (4)
This is consistent with the estimate of Ref. [27] obtained
for the special case of cubic photon dispersion relation
using the concept of the radiation formation length and
is confirmed by explicit calculation in a model of LV QED
[29]. From (4) we see that if the effective mass evaluated
at the energy of the primary photon significantly exceeds
m, the BH process will be strongly suppressed. Non-
observation of such suppression will allow to put con-
straints on m2eff(k) at k ∼ 10
19GeV which will translate
into the bounds on the coefficients in the modified dis-
persion relations.
Similar reasoning carries over to the case of the pho-
ton decay in the Earth magnetic field responsible for the
generation of the preshower, with the difference that the
sensitivity to the effective mass in this case is exponen-
tial [30].
III. PROSPECTIVE CONSTRAINTS
While the above arguments are very general and ap-
ply to a wide class of LV extensions of QED, to make
the quantitative predictions we focus on a specific model
studied in [29]. The Lagrangian in the preferred frame
3reads:
L =ψ¯ (iγµDµ −m)ψ −
1
4
FµνF
µν+
+ iκψ¯γiDiψ +
ig
M2
Djψ¯γ
iDiDjψ +
ξ
4M2
Fkj∂
2
i F
kj ,
(5)
where κ, g and ξ are dimensionless parameters, the co-
variant derivative Dµ is defined in the standard way,
Dµψ = (∂µ + ieAµ)ψ. Greek indices run from 0 to 3
and are raised and lowered with the Minkowski metric,
while the Latin indices take values 1,2,3 and stand for the
spatial components; summation over repeated indices is
understood. This Lagrangian contains LV operators of
dimension up to 6 that are rotationally invariant in the
preferred frame, gauge invariant, CPT- and P-even. The
motivation for restricting to these terms is discussed in
detail in [29]. From (5) one obtains the dispersion rela-
tions for photons and electrons/positrons of the form (2)
with a4 = ξ, b
∓
2 = 2κ, b
∓
4 = 2g and all other coefficients
vanishing. We do not consider the cubic modifications of
dispersion relations as they have already been strongly
constrained by other types of observations [31]; from the
theoretical perspective, they are forbidden by postulating
the CPT invariance.
Cross sections of several astrophysically relevant pro-
cesses following from the Lagrangian (5) have been com-
puted [42] in Ref. [29]. For processes with an e+e− pair
in the final state the result is expressed in terms of the
combination
ωLV(x) = −κk −
gk3
4M2
(1 + 3x2) +
ξk3
2M2
. (6)
Here x ∈ [−1, 1] is defined via the ratio of the momenta
of the produced electron and positron projected on the
direction of the incoming photon, (pe− · pγ)/(pe+ · pγ) =
(1+ x)/(1− x). A straightforward analysis shows that if
ωLV(x) is larger than
2m2
k(1−x2) for some x, vacuum photon
decay becomes kinematically allowed. Below we concen-
trate on the values of κ, g, ξ when this does not hap-
pen. For negative ωLV(x) < −m
2/k LV significantly sup-
presses the cross section of the BH process. In the case
1 ≪ k|ωLV(1)|/m
2 ≪ α−4Z−4/3 the expression for cross
section takes the form [29],
σLVBH ≃
8Z2α3
3k|ωLV(1)|
log
1
αZ1/3
· log
k|ωLV(1)|
m2
, (7)
which is smaller than (1) by a factorm2/k |ωLV(1)| (up to
logarithm). Note that this is consistent with the estimate
(4) upon identifying k|ωLV(1)| as the precise expression
for m2eff(k). Unlike the standard case, the cross section is
peaked at the maximal asymmetry between the momenta
of the pair, x = ±1, hence the appearance of ωLV at
x = 1.
A future UHE photon detection by cosmic ray exper-
iments would imply that, on the one hand, the photon
decay is kinematically forbidden, and on the other hand
the cross section of the first interaction is not too much
suppressed compared to the standard expectation: other-
wise the photon would go through the atmosphere with-
out developing a shower [43]. Conservatively, we require
that the cross section does not differ by more that an
order of magnitude [44]. This gives the bounds,
ωLV(x) .
2m2
k(1− x2)
, −
10m2
k
. ωLV(1) (8)
Applying these constraints to each term in (6) separately,
we conclude that a prospective detection of photons with
energies k ∼ 1019 eV will allow to constrain the LV pa-
rameters at the level [45]
|κ| . 10−25 ; |g|, |ξ| . 10−7 . (9)
Note that smaller than one constraints on g, ξ imply
trans-Planckian suppression of the quartic terms in the
particle dispersion relations.
The constraints (9) can be compared with the existing
bounds. The best laboratory constraint on the parameter
κ reads |κ| < 4·10−15 [32], which is by ten orders of mag-
nitude weaker than (9). The quartic terms in the photon
and electron dispersion relations are constrained respec-
tively from the timing of distant gamma sources [33–35]
and the analysis of the synchrotron radiation from the
Crab Nebula [36] at the level |ξ| < 1016 , |g| < 105. Fi-
nally, our bounds on the parameters g, ξ are an order of
magnitude stronger than those discussed in [23, 24]. It is
worth stressing that the prospective constraints (9) rely
only on the known physics of the Earth’s atmosphere and
are insensitive to any assumptions about the origin of the
UHE photons [46].
IV. HOW MANY PHOTONS ARE NEEDED ?
Let us be more precise and estimate the minimal num-
ber of UHE photon detections required to obtain the
bounds (9). We focus on a primary photon with energy
1019 eV and for simplicity neglect the LPM effect. LetX0
be the depth of the first interaction of the photon in the
atmosphere. This is a random variable with the expo-
nential distribution dP/dX0 = 〈X0〉
−1 exp
(
−X0/〈X0〉
)
.
The mean value of this distribution is determined by the
cross section of the first interaction, 〈X0〉 = m/σ, where
m is the average mass of the atoms of the air (typically,
nitrogen). It is 〈X0〉 ≈ 50 g cm
−2 for the standard BH
cross section and increases in the LV case.
The depth of the first interaction for a given shower is
not directly observed. What is measured instead is the
depth Xmax where the number of charged particles in the
cascade reaches its maximum [28]. This is shifted with
respect to X0 by the length of the shower development,
Xmax = X0+∆X , where ∆X is also a random variable,
whose statistics can be assumed Gaussian due to the large
number of interactions that lead to the development of
the cascade. The mean value of Xmax for photon showers
495%CL 99%CL
N 〈Xmax〉, g cm−2 σBH/σLVBH 〈Xmax〉, g cm−2 σBH/σLVBH
1 - - - -
2 1 880 18.6 - -
3 1 380 8.6 1 970 20.4
4 1 270 6.4 1 600 13.0
5 1 225 5.5 1 490 10.8
TABLE I: Predicted upper bounds on 〈Xmax〉 and the sup-
pression of the first interaction for N UHE events identified
as photons with energy 1019 eV.
in the LI theory is 〈Xmax〉 ≃ 1000 gcm
−2 (which roughly
coincides with the total vertical depth of the atmosphere)
and the fluctuations are ∼ 80 g cm−2 [38]. In our analysis
we will assume that the mean value and fluctuations of
∆X do not change in the presence of LV. This is justified,
since the secondary interactions in the cascade are less
energetic than the first one and the effect of LV on them
is weaker [47].
Xmax for photon showers can be measured either di-
rectly with fluorescence detectors or by surface detectors
using the properties of the shower front [39, 40]. The
latter technique has an order of magnitude larger expo-
sure but larger Xmax uncertainty of 50 g cm
−2 compared
to 20 g cm−2 for fluorescence detectors. To be conserva-
tive, we use the value of 50 g cm−2 as an experimental
uncertainty for Xmax.
We simulate Xmax for a set of N photon events us-
ing the standard LI distribution. Each set is compared
to the distribution of Xmax in the LV model using the
Kolmogorov-Smirnov test and the values of 〈Xmax〉 ex-
cluded at 95% and 99% confidence level are found. We
repeat this procedure multiple time and identify 〈Xmax〉
excluded at the corresponding confidence levels by more
than half of the simulated sets (i.e. we require the statis-
tical power of our predictions to be higher than 0.5). The
upper limits on 〈Xmax〉 obtained in this way for various
values of N are shown in Table 1. The corresponding
upper bounds on the ratio of cross sections of the first
interaction in the standard and LV cases are also shown.
Note that one photon event does not lead to any con-
straints. Indeed, no matter how strongly the first interac-
tion is suppressed, the photon has the conditional proba-
bility 10% to interact in the first 100 g cm−2 of the atmo-
sphere, provided that it interacts at all [48]. Similarly,
two events cannot provide exclusion at 99% CL as even
for a flat distribution there is always a 1% chance that
they both happen accidentally in the first 100 g cm−2.
Thus at least three detections are required to set mean-
ingful constraints and the exclusion power rapidly grows
with N . We see from the table that already N = 5 is
enough to constrain the ratio of cross sections to be less
than 10 at 99% CL yielding the bounds (9) on the LV
parameters.
V. CONSTRAINTS FROM PRESHOWER
Even stronger constraints on LV will be obtained in the
case of UHE photon events with energies & 1020 eV and
the preshower signature. The process of the photon de-
cay in the geomagnetic field that leads to the preshower
formation is exponentially suppressed until the photon
energy reaches a certain value — the property that ef-
fectively turns it into a threshold reaction. As shown in
[30], the suppression exponent, and hence the threshold
energy, is modified by LV. Namely, in the model (5) the
photon decay width has the form,
Γ ∝ exp
[
−
8m3
3keH sinϕ
(
1−
k ωLV(0)
2m2
)3/2]
, (10)
where H denotes the magnetic field, ϕ is the angle be-
tween the photon momentum and the magnetic field and
ωLV(0) is given by (6). We see that in the presence of LV
with ωLV(0) < 0 the suppression exponent is enhanced
compared to the standard case which shifts the effective
threshold energy above 1020 eV. Requiring that the shift
is not too large implies [49] |ωLV(0)| . 2m
2/k. Applying
this inequality separately to the terms with different k-
dependence in (6), we conclude that a detection of UHE
photons at k ∼ 1020 eV with the preshower signature will
yield the constraints [50],
|κ| . 10−28 ; |ξ − g/2| . 10−12 . (11)
Similarly to the case of 1019 eV photons several detec-
tions are required for statistically significant exclusion.
Note, however, that one expects the exclusion power of
the preshower events to be higher as an additional infor-
mation can be gained from the comparison of the photon
decay probability in the geomagnetic field with the prob-
ability of the BH interaction in the atmosphere.
VI. CONCLUDING REMARKS
Two comments are in order. First, we have focused
in this paper on the case of UHE photons with ener-
gies 1019 ÷ 1020 eV that can originate in the GZK pro-
cess. However, our discussion applies essentially with-
out changes to photon-induced air showers of lower ener-
gies. Of course, the obtained bounds on the LV param-
eters will be weaker in this case: the bounds on κ and
g, ξ are inversely proportional to the second and fourth
power of the photon energy respectively. Still, a detec-
tion of 1017 eV photons is already able to probe Planck-
suppressed LV. Moreover, interesting constraints on LV
can be derived from the existing data on TeV photon-
induced showers. We leave this study for future.
Second, our analysis implies that if high energy LV is
present in nature at the level exceeding (9), no standard
photon showers with energies above 1019 eV will be de-
tected by the cosmic ray experiments. Instead, if the
5resulting 〈Xmax〉 significantly exceeds the atmospheric
depth, the signatures of UHE photons will resemble those
of neutrinos: there will be no preshowers and the prob-
ability of the first interaction in the atmosphere will be
almost independent of the depth. In particular, similarly
to neutrinos, such LV photons would be able to produce
deep inclined air showers with zenith angle close to 90◦.
However, they can be still discriminated from neutrinos
using the Earth-skimming channel [41] where LV photons
should give no signal due to the absence of tau-leptons
in the photon shower.
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